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Introduction

28
Cavitation is the phenomenon of vaporous pocket formation inside liquids, due to a drop in the 29 local static pressure (Brennen 1995) ; it commonly appears in hydraulic pumps, turbines, propellers, 30 rudders (Li 2000) , in high pressure fuel injection systems (Egler, Giersch et al. 2010 ) and even heart 31 valves (Kini, Bachmann et al. 2000) . Cavitation causes flow blockage and choking, while the collapse 32 of cavitation structures may lead to cavitation erosion damage with detrimental consequences on the 33 reliability and maintenance of relevant devices. Apart from the aforementioned effects, in the field of 34 fuel injection systems, cavitation plays a detrimental role in jet formation, stability and atomization 35 (Sou, Hosokawa et al. 2007 ), affecting the combustion process and finally the performance and 36 emissions of modern engines. For all the previous reasons, significant effort has been put in the 37 investigation of cavitating flows and prediction/quantification of its related effects both with 38 experimental and numerical/simulation techniques, in order to prevent negative aspects or harness any 39 positive potential (if applicable). the flow in a real size Diesel injector, whose metallic tip was removed and replaced with a transparent 45 one, to conduct visualization studies. The study involved the realistic operation of the injector, under a 46 pressure pulse up to 600 bar, while observing cavitation formation in the sac and nozzles of theinjector. The authors focused on unsteady cavitating features and especially the formation of 48 cavitating vortices (which are also termed as "string cavitation" in the fuel injection industry, due to 49 their rope-like appearance), known to increase spray cone angles (Zigan, Schmitz et al. 2012 insight in the density distribution of cavitating flows. Such techniques rely on the attenuation of 66 powerful photon or particle beams due to the presence of sample material along their path. Notable 67 examples are neutron imaging (IAEA 2008 ) and X-ray imaging methods, which will be discussed 68 later on.
69
Two dimensional X-ray radiography of cavitating flows in Diesel injector orifices has been 70 reported in simplified or even more complicated geometries. Duke performed ultrafast X-ray phase contrast imaging for the identification of cavitation and spray 76 boundaries emerging from a realistic multi-hole Diesel injector. Further notable examples of work of 77 similar nature, but on different application fields, involve the study of cavitating flow around a 78 NACA009 hydrofoil (Ganesh, Mäkiharju et al. 2016 ) using high-speed X-ray radiography, where 79 compressibility effects during the collapse of attached cavitation clouds (condensation shocks) have 80 been identified. Such effects are difficult, if not impossible, to be identified with traditional optical 81 measurements since the density field is not directly reproducible. In the same spirit, Sun, Ganesh et al.
82
(2015) studied the cavitating flow emerging from vortex shedding in the wake of a cylinder at 83 conditions ranging from cavitation inception to supercavitation regimes. X-ray imaging can provide 84 valuable information in more industrial cases as well; Duplaa, Coutier-Delgosha et al. (2013) 85 examined cavitation formation around the impeller of a pump during fast start-up operation and 86 correlated the density variations to pressure-time evolution.
87
While undeniably 2D X-ray radiography can shed light on the instantaneous density distribution of 88 the flow, it cannot provide information on the exact 3D cavity shape. For this reason, Bauer, Chaves 89 et al. (2012) examined the flow inside an axis-symmetric nozzle at cavitation numbers ranging from 90 inception to supercavitation with X-ray Computed Tomography (CT). In their investigation the 91 working fluid was water and a medical scanner was utilized for the measurements. The CT scans 92 enabled a 3D volumetric reconstruction of the vapour cloud inside the orifice, which has been used for 93 validation of CFD codes that have been previously developed (Giannadakis, Gavaises et al. 2008 ).
94
Simulation of cavitating flows is of high complexity due to the large density ratios involved and 95 flow unsteadiness. Andriotis, Gavaises et al. (2008) showed that turbulence can play a detrimental 96 role in the flow development. Cavitating vortices, or "string cavitation", were identified to affect the 97 flow inside injector nozzle holes and the emerging jet. In more recent works, the effect of accurate 98 turbulence description is highlighted in the work of Edelbauer, Strucl et al. (2016 The focus of the present paper is on the unsteady cavitating phenomena occurring inside the 133 orifice, with emphasis on the formation of cavitating vortices, interaction of cavitation with turbulence 134 and the mechanism that causes erosion in affected regions. The flow is studied experimentally and 135 numerically. From the experimental side, high-speed shadowgraphy and time-averaged X-ray micro-136 CT scanning are employed. Numerical simulations complement the experimental results, providing 137 additional insight, due to the complexity of the flow field which inevitably obstructs detailed 138 observations in the whole flow passage. The objective of the present study is to obtain quantitative 139 experimental data on both cavitation distribution and cavitation erosion sites, for a given orifice 140 geometry (see also supplementary material) and operating conditions. These data may be further used 141 for quantitative comparisons with numerical simulations, hence serving as a benchmark/validation 142 case. Moreover, a cavitation model is discussed and validated against the aforementioned data, 143
showing the main flow mechanisms and the outcome of the modelling approach. The novelty of the 144 current work is the combined presentation of new experimental results, including 3-D density and 145 cavitation erosion measurement, accompanied by numerical simulations of the relevant phenomena 146 occurring in this flow orifice at low and high cavitation numbers. In particular, X-ray micro-CT 147 cavitation volume fraction measurements, high-speed flow visualisation and cavitation erosion areas 148 are used for the detailed quantitative validation of the proposed cavitation model. The latter has been 149 used in recent studies in predicting erosion locations in high pressure fuel injectors, see Koukouvinis, 150 Gavaises et al. (2016) .
151
The paper is organized as follows: initially, the experimental test rig is described, along with 152 details of the actual orifice geometry and operating conditions. Next, the numerical models used for 153 the simulations, fluid properties and simulation set-up are discussed. Figure 2 (a-c). Following the flow from the high 175 pressure inlet towards the low pressure outlet, the test section consists of a high pressure inlet socket, 176 which is split to three feed lines, Figure 2 (a). This arrangement was used to accommodate adjustable 177 needle lift for controlling the flow rate with higher precision. The feed lines converge to a funnel 178 shaped passage that further downstream becomes annular; inside this passage the needle is located.
179
Note that, even though the needle is cylindrical upstream the funnel, it becomes asymmetrical near the 180 orifice entrance, due to a bevel cut at its tip and the support structure that is in contact with the 181 passage walls, blocking part of the flow. The orifice is placed off-axis, to further promote flow 182 asymmetry, on an interchangeable part that includes also the collector volume. Downstream the 183 collector are four low-pressure outlet pipes, that direct the flow to the return of the hydraulic unit.
184
The interchangeable part, that includes the orifice itself, allows for different types of flow 185 investigations to be conducted. For visualization studies, the orifice was made of a transparent acrylic 186 resin piece with rectangular collector, see Figure 2 (b), whereas for the X-ray investigation the orifice 187 was drilled on a PolyEther Ether Ketone (PEEK) piece with cylindrical collector (not shown here).
188
The idealized orifice examined here is a cylinder of 9.5mm length and 3mm diameter. 189 
195
The two cases that have been examined experimentally and numerically are outlined in (1984) . Experimental errors of the density reconstruction were estimated using 238 the standard deviation of density for air-liquid calibration and are around 4%.
239
In practice, orifice dimensions were not perfectly cylindrical, due to manufacturing defects but also 240 due to self-induced hydro-grinding of the sharp features, occurring during the early testing of the 241 operation of the device. The end result was giving up to 10% difference in the measured (as well as 242 the calculated) flow rate through the orifice, relative to the ideal cylindrical, sharp edge shape. 243 Nevertheless, the resulting geometry was stabilised and remained unchanged after a short operating 244 time; its shape is shown in Figure 3 . ANSA (Stampouli & Pappas 2014) and MeshLab (Cignoni, 245 Callieri et al. 2014) software were used for cleaning and manipulating the CT scan geometry and 246 obtaining CAD representations (shown in figures later on) and for meshing. The actual orifice 247 geometry has an average radius of R av = 1503 μm with a standard deviation σ R = 14.7 μm from ideal 248 cylinder. Considering that the spatial resolution of the X-ray scan (ε = 15 μm), the total error of the 249 geometry representation is ±46 μm (estimated as   geometry has been used for the numerical simulations, in order to take into account any geometry 252 deviations that can affect the flow pattern, such as the smooth orifice entrance due to hydro-grinding.
253
Prior investigation has shown that using an idealized cylindrical orifice with sharp turns at the 254 entrance, can lead to a severe underestimation of the flow rate. 255 256 
259
Simulation model and methodology 260
The numerical methodology used in the present work is based on the mixture level approach, i.e. 261 the mixture continuity (2.2) and momentum equations (2.3) are solved: 262
where ρ is the mixture density, u is the velocity vector, p is pressure and τ denotes the stress tensor, as 265 described below: 266
with μ eff the total effective viscosity of the mixture, including laminar, μ, and eddy viscosity, μ t , 268 contributions and I is the identity matrix. The effect of bulk viscosity, λ, is omitted from equation 2.4, 269 due to lack of data for Diesel fuel; in any case, bulk viscosity only acts to passing waves so its effect 270 to the general dynamics of the flow is negligible. In the present study, turbulence effects are taken into 
280
Cavitation is tracked with a transport equation for the vapour fraction a, which has the general 281 form of: 282
where ρ v is the vapour density and R e and R c are mass transfer terms associated with the evaporation 284 and condensation of vapour. In this work, we propose a different formulation of the evaporation and 285 condensation terms from existing cavitation models, as follows: 286
where ρ l is the liquid density and F is the ratio of available interfacial surface area (in m model. Moreover, its value is a priori known since, in order to be at thermodynamic equilibrium, it 311 should be theoretically infinite. Obviously an infinite value is not possible to be handled by the 312 numerical solver, and very high values will cause serious numerical difficulties. However, since there 313 is asymptotic convergence with the increase of F towards thermodynamic equilibrium, extreme values 314
are not needed; in practical cases, such as the one described here, values of F in the order of 10 8 m -1 315 are adequate to maintain numerical stability and prevent liquid tension from becoming unphysical.
316
In the simulations presented here, the liquid phase is modelled as a compressible liquid, with the 317 Tait equation of state: 318
where B is the bulk modulus, ρ 0 is the reference density, c 0 is the reference speed of sound at reference 321 density, p ref is a reference pressure (here equal to the vapour pressure p v ) and n is an exponent 322 adjusting the stiffness of the liquid. The values used are shown in Table 2 and were chosen based on a 323
Diesel property library (Kolev 2007) , at the temperature of the experiment (40 o C). While the 324 operating pressure levels, as shown in Table 1 , are not high enough to justify a compressible treatment 325 of the liquid, the collapse of vaporous cavities induces locally very high pressures, of the order of 326 1000 bar, and compressibility becomes important. Moreover, numerical handling would be 327 problematic the instant when vapour disappears completely at the end of the collapse of a vaporous 328 structure if the incompressible assumption was to be enforced, since liquid converges to a singular 329 point with high velocity, obviously violating the incompressibility assumption of div(u) = 0. 
Mixture compressibility affects the collapse of cavities; a high mass transfer rate (i.e. large absolute 339 value of δm/δp) leads to very low speed of sound within the mixture and supersonic cavity collapse 340 (supersonic in terms of mixture speed of sound inside the cavity, not the liquid speed of sound). Thus 341 during the collapse, pressure within the cavity remains approximately equal to vapour pressure since 342 no information can propagate in the liquid/vapour mixture, leading to the well-known Rayleigh 343 collapse behaviour. A small mass transfer rate will render the mixture stiffer, preventing a violent 344 cavity collapse.
345
For the computational model, upstream elements of the annular passage have been omitted to 346 conserve computational resources. A complexity of the simulated geometry is the fact that it has a 347 high aspect ratio, i.e. its length is considerably larger than the rest dimensions. In order to generate a 348 high quality mesh, suitable for Detached Eddy Simulation (DES) studies, while efficient in terms of 349 cell count, the Cartesian Cut Cell methodology was employed (Thompson, Soni et al. 1998 ). 
359
Near wall refinement was also employed at the vicinity of walls to get a better reproduction of 360 boundary layers. Five inflation layers were placed near the walls of the geometry, with the closest cell 361 placed at 4.5-9 μm from the wall (in ref. level 5 and 4 respectively, see Figure 4 ), resulting to a 362 maximum y+ of ~ 5. Areas of high y+ values are mainly located at the entrance of the orifice and 363 away of the area of interest (e.g. annular passage, collector), thus it is not expected to have a negative 364 impact in the quality of the results. In any case, the aim of the turbulence model employed is to 365 resolve the highly unsteady separated regions downstream the turn which contribute to the cavitation 366 dynamics, whereas near wall regions are treated with the RANS sub-model (k-ω SST) which is 367 relatively insensitive to y+ values.
368
As the computational mesh has resolution of 50 μm in ref. level 4, which is more than three times 369 the resolution of the micro-CT scan, it was ensured that large scale features of the geometry have been 370 maintained during the discretization procedure. Indeed, the discretized geometry of the orifice has an 371 average radius of R av = 1502.2 μm and a standard deviation of σ R = 14.2 μm from ideal cylinder. The 372 current computational mesh consists of 8 . 10 6 cells. Further mesh refinement towards the CT scan 373 resolution would dramatically increase the cell count and consequently the computational cost. The 374 integration time step used in the present studies is 0.05 μs, resulting to a convective Courant number 375 of ~ 0.2. Sampling time for obtaining averages is 5 ms, which is equivalent to 100 000 time steps. As 376 will be shown later, the shedding cycle period is ~ 85 μs, which means that ~ 60 shedding cycles were 377 used for averaging and statistic collection; in fact, statistic results changed less than 1% when 378 sampling more time instances, thus the time interval was considered enough for sample-independent 379 results.
380
Total pressure is imposed at the inlet and static pressure at the outlet, see also Figure 4 . Since 381 pressure measurements were taken at slightly different locations, pressure losses had to be estimated 382 for the omitted parts. Pressure losses were assumed to obey the generic Darcy loss formula (White 383 2011): 384
where k is a constant dependent on the geometrical features of the omitted part, ρ the liquid density, S 386 the cross-section of the fluid passage and the volumetric flow rate. The k constant in (2.12) was 387 determined by performing steady state precursor simulations of the whole tested geometry at non-388 cavitating conditions. After determining k, upstream and downstream pressure losses were properly 389 compensated in the boundary condition definition at both inlet/outlet in the present simulations. The 390 value of k is ~1 and ~4 for the omitted inlet and outlet sections respectively. The flow at the omitted 391 parts is turbulent, with a Reynolds number of ~40000, however pressures are much higher than the 392 orifice, so pure liquid flow is expected. Since the friction coefficient is approximately constant at fully 393 turbulent conditions (White 2011) , k values are not expected to vary significantly for the examined 394 operating conditions. In any case, pressure losses of the omitted parts are ~0.38 and ~0.27 bar for the 395 upstream and downstream sections respectively (or less than 1% of the upstream pressure and 1.5% of 396 the downstream pressure) for the flow rates examined here. 397
At the inlet boundary, zero velocity gradient was imposed at the normal, to the boundary, velocity 398 component, while the rest velocity components were set to zero. At the outlet boundary, zero gradient 399 boundary conditions were set to all velocity components and transported quantities. Backflow was not 400 observed at the outlet boundary throughout the complete simulation duration. Velocity fluctuations 401
have not been applied at the inlet, mainly because the mesh there is rather coarse to accurately resolve 402 turbulent structures. Nevertheless, as will be shown later, turbulence is generated by the needle 403 support structure and this region is well resolved by the computational mesh. 404 405
Numerical discretization, mesh convergence and uncertainty
406
The First of all, a mesh dependence study was conducted to determine the errors arising from the finite 420 discretization. The mesh was coarsened by a factor of 2 everywhere and the conditions of case 2 (Cn 421 = 2.18) were evaluated to determine the flow rate, cavity length and volume dependence on the mesh 422 resolution. The change between the coarse and fine mesh resolutions may be used to determine the 423
Richardson error estimator at the fine mesh (E fine ) and the Grid Convergence Index (GCI), following 424
Roache (1997), as shown below: 425
In the aforementioned equations, ε stands for the difference in the observed quantity between fine and 429 coarse meshes, r is the ratio of the fine to coarse mesh spacing (here it is 2), the exponent k represents 430 the formal order of accuracy of the employed method (here equal to 2) and F s is a safety factor, equal 431 to 3 according to the relevant recommendation by Roache (1997 
Experimental and numerical results
446
In this section indicative instances mainly of the high cavitation number (Cn = 2.18) operation will 447 be presented. The reason for this decision is that at low cavitation number (Cn = 1.5) cavitation is 448 sparse and mainly limited near the orifice entrance, so relevant shedding phenomena are not that 449 pronounced. Example instances of a 3D representation of cavitation are shown in Figure 5 and Figure  450 6. The topology of the cavitation pattern may be divided in the following structures: (1) a sheet cavity, 451
formed at the edge of the orifice entrance, oscillating at a Strouhal number of ~0.35-0.38, based on 452 orifice diameter and average flow velocity (attached cavity shedding period of 78-95 μs for high and 453 low cavitation number operation respectively), (2) two large cavitation lobes, which essentially are 454 large cavitating vortices, formed in the core of the orifice and (3) smaller cavitating vortices that 455 occasionally detach from the aforementioned structures and travel downstream the orifice, or even 456 inside the collector volume (see indicative instances for Cn = 2.18, Figure 16 ). At low cavitation 457 number (Cn = 1.5), it is relatively easy to identify the cavitation structure topology, due to its sparse 458 distribution; in fact, the two cavitating lobes may extend from the needle surface, up to 3 mm 459 downstream the orifice entrance and occasionally may completely disappear, leaving only the 460 attached sheet cavity at the orifice entrance (see sequence at Figure 5 ). On the other hand, at high 461 cavitation number, the two cavitating lobes persist indefinitely, extending up to 8 mm downstream the 462 orifice entrance, obstructing a large portion of the flow passage and blocking the view to the sheet 463 cavity (see sequence at Figure 6 ). An alternative view of the sheet cavity development is in Figure 7 , 464 shown as a slice at the midplane of the orifice. In both cases, the location of the cavitating lobes 465 coincides with the position of large counter-rotating vortical structures formed in the cross-section of 466 the orifice (see also Figure 8 , Figure 9 and Figure 10 ). 467 468 Figure 7 shows the density distribution at the midplane of the geometry over a cavity shedding 478 cycle, for Cn = 2.18, to obtain clear view, unimpeded by the two cavitation lobes. As it is expected, 479 cavitation structures are formed at the side where the majority of the flow enters, i. 
477
496
Figure 8 and Figure 9 show the z-vorticity distribution at two indicative slices, one 0.5 mm 497 upstream and one 2 -2.5 mm downstream the orifice entrance. Several instances are selected for both 498 low and high cavitation number operation. Despite the highly irregular structure of the instantaneous 499 z-vorticity distribution, some features are clearly observable. First of all, at 0.5 mm upstream the 500 orifice entrance, it is clear that there is an alternating pattern of vorticity sign, indicating counter-501 rotating vortices. These counter-rotating vortices may be grouped in two distinct sites ("Site 1" and 502 "Site 2"), note that it is easier to conceive the pattern through the time-averaged velocity field. These 503 sites are associated with the coherent vortical structures shown in Figure 12 and cavitation may form 504 there occasionally (see also Figure 14 and Figure 15 ). Further downstream the orifice entrance, z-505 vorticity distribution is more irregular, though it is still recognizable that the left and right parts of the 506 cross-section are mainly dominated by structures of opposite vorticity signs, i.e. highly transient, large 507 and irregular counter-rotating vortices, which may cavitate, intermittently at low intensity cavitation 508 (Cn = 1.5) or continuously at high intensity cavitation (Cn = 2.18). Another observation is that vorticity distribution is somewhat more irregular at low cavitation 520 intensity, Cn = 1.5, than high cavitation intensity, Cn = 2.18. As will be explained later on, this is an 521 effect of turbulence suppression due to the extended cavitation formation at high Cn operation. The 522 averaged flow field vorticity distribution shows clearly the extents of the two counter-rotating vortices 523 occupying the core of the orifice cross-section, also depicted in Figure 10 , as the time-average flow 524 field streamlines. Both operating conditions at Cn = 1.5 and 2.18 show a similar average flow 525 topology, but flow velocities are slightly higher for the Cn = 2.18 case. Moving from the inlet and 526 following the flow towards the orifice, the first geometric feature to encounter is the needle support 527 structure, which obstructs part of the flow path. The blockage induces flow detachment, which is 528 associated with a longtitudal horse-shoe vortex, indicated with number 1 in Figure 10 (shown only 529 from side view, though the vortex is symmetric and the two parts bridge over the midplane). The edges of the needle support structure induce a symmetric pair of vortices, indicated with 2 in 538 Figure 10 , which extend in the expanding fluid region upstream the orifice entrance. The sharp 539 expansion after the needle support causes flow detachment, with the formation of a symmetric pair of 540 vortices at the sides of the needle tip, similar to those occurring downstream a backward facing step, 541 denoted with the number 3. Also the direction change and the strong constriction at the orifice 542 entrance causes flow detachment and the associated vortex tube indicated with number 4 in Figure 10 .
543
Examining the flow inside the orifice, 7 mm downstream the entrance, a pair of counter-rotating 544 vortices are visible, indicated with the numbers 5 and 5'. An observable difference is that at Cn = 1.5 545 the average tangential velocity is slightly higher at the circumference of the cross-section, whereas at 546 Cn = 2.18 the average tangential velocity is higher at the midplane. A slight asymmetry is also 547 observable in the average tangential distribution in both cases; it is speculated that this is related to the 548 asymmetric geometry features of the orifice surface, since such asymmetries where observed in the 549 average cavitation distribution as well.
550
The flow in the simulated section is turbulent; Reynolds number ranges from 15000 at the annulus, 551
upstream the orifice, to even 100000, instantaneously, downstream the collector. Figure 11 shows the 552 coherent turbulent structures (i.e. vortices) at the vicinity of the orifice. The turbulent structures are 553 indicated using the second invariant of the velocity gradient tensor, also known as q-criterion (Haller 554 2005; Green, Rowley et al. 2007 ), for a value of q = 10 9 s -2 . As shown, the flow field is highly 555 transient with velocities reaching even 120 m/s. A particular complexity of the flow in this geometry 556 is that turbulent structures are generated upstream the orifice entrance, due to the constriction imposed 557
by the support structure of the needle. It was found that these vortices can have a detrimental effect on 558 the flow further downstream. However due to the low local velocities upstream the orifice, a long 559 simulation time was needed as a transitional stage, for the build-up of these structures and their 560 propagation to the orifice entrance. While upstream the orifice turbulent structures have a relatively 561 random orientation, as the flow moves near the entrance, vortices start to elongate and stretch. The 562 needle flat surface itself acts as a starting point of vortical structures, which extend inside the orifice, 563 at the streamwise direction. As shown in Figure 5 and later on, these vortical structures may 564 occasionally cavitate, due to the strong centrifugal forces. The formation of such structures, starting 565 from the needle is a manifestation of Helmholtz's second theorem (Batchelor 2000) , which states that 566 a vortex tube cannot start or end in a (inviscid) fluid; it must extend to a boundary or form a loop.
567
Additional vortical structures are formed at the region surrounding the high velocity jet expelled in the 568 collector chamber and are the outcome of shear layer instabilities. 569 570 
574
The instantaneous vortical structures at high and low cavitation number are shown in Figure 12 ; in 575 both cases the same value of q = 2 . 10 10 s -2 is shown, in order to have an objective comparison of 576 structures of the same strength. It is reminded that both are fully turbulent conditions, but Cn = 2.18 is 577 at a slightly higher Reynolds number (~ 10% higher). For both cases it is clear that there are mainly 578 two agglomerations of vortical structures starting from the needle surface, at regions indicated as "Site 579 1" and "Site 2" and extending inside the orifice (see also figure FIGURE 8 and figure FIGURE 9) . At 580 low cavitation number, Cn = 1.5, these are clearly separated and distinct, whereas at high cavitation 581 number, Cn = 2.18, they appear fuzzier, entangled and twisted. At low cavitation number vortical 582 structures are mainly concentrated near the orifice entrance and slowly diminish towards the orifice 583 exit, following the flow. On the other hand, at high cavitation number, vortical structures have a more 584 clear streamwise direction near the orifice entrance, whereas they are, in general, sparse in the middle 585 of the orifice, due to cavitation presence which has the effect of locally suppressing turbulence, see 586 also Gnanaskandan & Krishnan (2016) . However, there is a concentration of turbulent structures at 587 the area of collapse, i.e. at 7-8 mm downstream the entrance. 588
These observations may be represented in a more concise manner, considering the averaged 589 turbulent kinetic energy (containing simulated and modeled/subgrid scales) across the length of the 590 orifice, see Figure 13 . As described above, operation at Cn = 1.5 shows a peak of turbulent kinetic 591 energy at ~ 2 mm downstream the orifice entrance and slowly diminishes afterwards. On the other 592 hand, high cavitation number operation shows two peaks, one at ~ 1mm downstream the entrance and 593
another at ~ 8 mm downstream the entrance. The locations of the turbulent kinetic energy peaks seem 594 to be related with the areas of cavitation collapse in both examined cases. This can be explained by 595 two mechanisms: 596 (a) turbulence suppression caused by cavitation presence. This explains the low values of turbulent 597 kinetic energy near the orifice entrance for low cavitation intensity (Cn = 1.5) operation and the local 598 minimum from 2 to 8 mm for high cavitation intensity (Cn = 2.18) operation. In Figure 14 and Figure 15 details of a cavitating vortex, starting from the needle, are shown. The 609 swirling motion of the flow is evident by observing the flow streamlines or by considering the local 610 isosurface of the q-criterion (Figure 14) . The intensity of the swirling motion is enough to reduce the 611 pressure in the vortex core and trigger the formation of a vaporous cavity that has an elongated shape, 612 following the shape of the corresponding vortex, as visualized with the density isosurface in Figure  613 14. This particular cavitating vortex starts from "Site 1", as was discussed before, though both sites 614 are prone to cavitating vortex formation. Such effects have been found in the visualization of 615 experiments as well, see Figure 15 . Even though the vortical fluid motion persists in the local vicinity 616 of the two aforementioned sites, the existence of cavitating vortices is highly unsteady. It is stressed 617 that visualization of a cavitating vortex in Figure 15 does not exclude the existence of other, non-618 cavitating, vortices, since shadowgraphy cannot reveal the presence of the latter. As illustrated in 619 Figure 14 , q-criterion representation indicates many vortical structures starting from the needle, only 620 one of which is cavitating at the given instance. 
631
Another manifestation of vortical cavities is downstream the area of the cavity collapse; these 632 correspond to the 3 rd topological type of cavities, as discussed in the relevant paragraph. The intensely 633 swirling flow formed downstream the area of collapse may protect some detached vaporous cavities, 634 allowing them to travel further downstream despite the pressure field recovery. An example of this 635 effect is shown in Figure 16 , where a vaporous cavity is able to reach the exit of the orifice and enter 636 the collector volume. It is reminded that the collector pressure is around 17 bar. In the indicative 637 instances provided, a cavity is detaching (1), then it elongates, following the stretching of the vortex 638 (2), later on breaks (3) and eventually collapses (4). At the end of the process, another cavity detaches 639 (5). 640 641 642 
647
The average flow rate through the orifice is shown in Table 5 . As shown, the maximum error is 648 1.3%, at the highest cavitation number, which is close to the validation uncertainty of ~0. At low cavitation number (Cn = 1.5), the average amount of vapour is low and mainly located near 652 the entrance of the orifice. The average cavitation extent from the CT measurements spans from 0.5 653 mm to ~ 2.8 mm downstream the orifice entrance, estimated using an isosurface of 75% liquid 654 fraction; lower liquid fractions cover much smaller areas and are more noisy. Simulation results 655 indicate that cavitation starts from the entrance of the orifice and reaches 2.5 mm downstream, for the 656 same liquid fraction isosurface (75%). The picture is substantially different at the high cavitation 657 number case examined, at Cn = 2.18, where cavitation spans from the orifice entrance and covering 658 80% of its length. The experimental results indicate that the isosurfaces of 25%, 50% and 75% liquid 659 reach ~ 6 mm, 7 and 8mm respectively. Simulation results indicate the same pattern as well, with the 660 isosurface of 25% liquid slightly less extended. It is notable that both numerical simulation and 661 experiment show that the isosurface of 25% liquid is detached from the wall. An indicative averaged 662 liquid fraction distribution is shown in Figure 17 at low and high cavitation number, Cn = 1.5 and 663 2.18, for both the experiment and simulations. Differences in the average cavity length are within the 664 validation uncertainty (~ 0.1 mm) for the 50% average liquid isosurface at Cn = 2.18. 665 666 667 
670
The flow moves from left to right. Figure 18 and Figure 19 show the average liquid fraction in slices across the length of the orifice 673 for high and low cavitation numbers, based on numerical and experimental data. In general, average 674 cavitation pattern in both cases shows similar features. Near the orifice entrance there is an attached 675 vapour sheet, while further downstream there is a detached structure. It has to be kept in mind, that 676 slices from the CT scans show an artefact at the centre of the orifice, due to the reconstruction 677 algorithm employed; this has been omitted from visualization, hence the white dot appearing at origin.
672
678
The experiment shows a more distinct cavitation ring around the entrance of the orifice, both at high 679 and low cavitation number operation. At low cavitation number, the average vapour cavity predicted 680 by the simulation shows two distinct cavitation lobes, with diffuse vapour between them. In the 681 experiment, the two cavitation lobes are not clearly visible, though the left part of the cross-section 682 shows a higher vapour content than the right; this is something found in the simulation results as well 683 (see Figure 18 at 1 mm). Simulation results at high cavitation number still show the two distinct lobes 684 (see Figure 19 at 1 mm), though the two lobes quickly merge, forming an agglomeration (see Figure  685 19, from 4mm and further downstream). Experimental results show a more disperse and noisy 686 cavitation distribution, though the general pattern and extent agrees with the simulation. Note that at 687 high cavitation number, as well, the left part of the cross-section shows a higher occupation by 688 cavitation (see e.g. Figure 19 at 4 or 6 mm). Cavitation distribution is not entirely symmetric, due to 689 the geometric features of the orifice geometry used, while the asymmetry is lower at the highest 690 cavitation number operation (Cn = 2.18). The two vapour lobe locations predicted by the simulation 691 coincide with the counter-rotating vortices of the average flow field (see also Figure 10 ), occurring 692 inside the orifice. slight under prediction of the vaporous cavity length, though minimum liquid fraction is correctly 708 predicted at ~ 88%. Still, the numerical results are within the validation uncertainty, which is ~ ±7%, 709 including experimental errors (~ ±4%) and numerical uncertainty as determined from the sensitivity 710 analysis and grid dependence on average cavity volume (tables 3 and 4). The standard deviation of the 711 liquid fraction shows a peak at 1 mm downstream the entrance of the orifice, while the simulation 712 predicts a slightly higher standard deviation. Moving further downstream of the cavitation region, the 713 standard deviation drops rapidly. It has to be highlighted that simulation predicts a standard deviation 714 very close to zero from 5 mm downstream the entrance until the orifice exit, whereas in the 715 experiment there is a non-zero standard deviation of liquid fraction until the orifice exit; this is an 716 indication of noise from the micro-CT 3D reconstruction of cavitation. On the other hand, simulation 717 tends to over predict slightly the average liquid volume fraction at high cavitation number, while 718 predicting the correct average cavity length. The mismatch is mainly pronounced at 1.4 mm 719 downstream the orifice entrance. Still, the minimum liquid volume fraction is predicted within the 720 validation uncertainty. The minimum liquid fraction predicted by the simulation is 67% whereas in 721 the experiment it is found to be 63%. Both experimental and numerical results of the standard 722 deviation of liquid fraction at the cross-section of the orifice show two peaks, one at ~ 0.7 mm and 723 one at ~ 4 mm downstream the entrance. The simulation, though, under predicts the first peak, 724 whereas over predicts the other one. The shape of the standard deviation variation at the cavity closure 725 is in a close agreement with the experiment. 726 727 
728
766
The pressure peaks indicated with white colour in Figure 22 (b) are of pressure levels equal to or 767 higher than 200 bar, which is higher or equal to ~ 20% of the nominal yield stress of the PEEK 768 material used. Higher pressure magnitude (>500 bar) peaks are concentrated mainly at ~ 2 mm and ~ 769 7 mm downstream the entrance; note that wall pressure may locally reach even 750 bar and pressure 770 inside the liquid bulk may reach 1850 bar. The fact that the predicted wall pressures are lower than the 771 nominal yield stress does not necessarily mean a weakness of the described model; the fatigue failure 772 stress may drop significantly for large numbers of loading cycles (Budynas & Nisbett 2011). As 773 mentioned before, an indicative cavity shedding time scale is ~ 78-95 μs; considering that erosion was 774 observed over the course of 44 hours testing, the number of loading cycles is of the order of 10 9 . At 775 such numbers of loading cycles the material yield stress may drop by more than 50% comparing to the 776 nominal one. Also, since the smallest vapour scale cannot be smaller than the cell size, the peak 777 pressure is affected by the spatial and temporal resolution; however the location of the pressure peaks 778
can provide an indication of erosion sites. For more information the interested reader is referred to 
Discussion
838
The examined case illustrates the complexity of the flow in a relatively simple configuration that 839 has both industrial and scientific interest due to the wealth of flow features that are occurring. The off-840 centred orifice geometry causes the formation of an asymmetric cavitation pattern and cavitating 841 vortices, that are similar to those occurring in actual diesel injection systems. An important parameter, 842 that affects all micro-fluidic devices, is the accuracy of the geometry representation. Unfortunately 843 manufacturing constraints impose limits to the fidelity of the geometry. On the other hand, precise 844 geometry representation is crucial for capturing accurately the involved flow phenomena. Early 845 experimental and numerical investigations indicated that flow rate through the cylindrical orifice 846 (idealized geometry) was considerably lower than the actual orifice geometry, due to the presence of 847 sharp corners at the orifice entrance.
848
The main features of the cavitation structure are: (1) attached cavitation sheets around the orifice 849 entrance, (2) a pair of large counter-rotating cavitating vortices inside the orifice, which may extend 850 up to the needle, and ( Minor discrepancies are observed at the cavity length mainly at low cavitation number. Reasons of 876 the discrepancies are discussed below: 877 -At low cavitation number, cavitation effects are much more sensitive to small variations of the 878 flow rate. Moreover, cavitation is more sensitive to the existence of turbulent structures that have not 879 been resolved with the numerical resolution employed; as the turbulent model used in the present 880 study is a RANS/LES hybrid, the computational mesh employed was not intended to resolve all 881 turbulent structures, not to mention that such an effort would involve an immensely higher 882 computational cost.
883
-It is reminded that not all wall features were resolved; inherently, due to the discretization 884 procedure, any wall features below the discretization resolution have been smoothed out. Moreover, 885 erosion development in the experiment alters wall features over time.
886
-Furthermore, parts upstream the annular passage (i.e. the flow splitting to three inlet pipes and 887 funnel shape contraction) have been excluded, though such geometric features may induce additional 888 turbulence at the inlet of the orifice, e.g. pipe bends are known to introduce streamwise vortices 889 (Tunstall & Harvey 1968 ).
890
-Diesel properties were obtained from a property library, however they do not necessarily 891 correspond to exactly the actual Diesel properties in the experiment. Diesel fuel samples from 892 different sources have slightly different composition and properties. Moreover, even though Diesel 893 fuel was periodically replaced to maintain its quality, the fuel properties do not remain constant after 894 exposure to cavitation, see also Lockett & Jeshani (2013) . As observed in the aforementioned 895 experimental investigation, Diesel colour changed towards a more yellowish hue after exposure to 896 cavitation, indicating slight changes in its composition.
897
-The experimental errors should not be considered negligible; as indicated in Figure 20 , errors in 898 average volume fraction are of ~ ±0.04. Moreover, noise is visible in the average liquid fraction 899 isosurfaces and artefacts in the liquid fraction distribution due to the 3D reconstruction, can be 900 identified (Mitroglou, Lorenzi et al. 2015) . In total, the discrepancies between numerical and 901 experimental results are within or very close to the validation uncertainty margin, both for flow rate 902 and average cavity volume (and liquid volume fraction). 903 904
Conclusion
905
In the present work the cavitating flow inside an orifice was analyzed with experimental 906 techniques and numerical tools at low and high cavitation numbers. Shadowgraphy shows cavitation 907 features, like cavitating vortices extending to the needle surface, but optical access inside the orifice is 908 limited due to view blockage by cavitation. X-ray micro-CT scans on the other hand, can provide 909 quantitative information on the average cavitation distribution inside the orifice.
910
Numerical simulations were used to predict unsteady features of the flow, vapour collapse 911 locations and to derive average distribution of the liquid fraction. 
